This study presents a new model of Holocene ice-volume equivalent sea level (ESL), extending a previously published global ice sheet model , which was unconstrained from 10 kyr BP to present. This new model was developed by comparing relative sea level (RSL) predictions from a glacial isostatic adjustment (GIA) model to a suite of Holocene sea level index points from China and Malay-Thailand. Three consistent data-model misfits were found using the Bassett et al. (2005) model: an over-prediction in the height of maximum sea level, the timing of this maximum, and the temporal variation of sea level from the time of the highstand to present.
Introduction
Relative sea level (RSL) across the globe is spatially and temporally variable, with a range of processes driving this variation (Milne et al., 2009 ). On millennial time scales during the Quaternary, the global pattern of sea-level change was strongly controlled by the growth and retreat of ice sheets (Clark et al., 1978; Lambeck et al., 2014) . In areas of glaciation e the "near-field" e the RSL signal was dominated by the solid earth response to the deglaciation/ glaciation of the overlying ice sheets. In these regions, RSL data is commonly used to constrain the regional ice sheet history and earth rheology (Bradley et al., 2011; Lambeck et al., 2010; Lecavalier et al., 2014; Tarasov et al., 2012) . In contrast, at locations distant from the major glaciation centres e the "far-field" e the RSL signal was dominated by the rate and magnitude of meltwater input into the oceans and, as such, data from these regions are commonly used to constrain the chronology of changes in the volume of grounded ice, often referred to as the ice-volume equivalent sea level (henceforth abbreviated to ESL) (Fleming et al., 1998; Lambeck and Nakada, 1990; Milne and Peros, 2013; Peltier, 2002) .
ESL is defined as the spatially uniform change in sea level due to the mass exchange between the ice sheets and the oceans (Farrell and Clark, 1976) and is important to constrain for a number of reasons. It can be used as a constraint for global ice sheet modelling reconstructions, independent from the ice volume signal derived from d 18 0 marine sediments (Lisiecki and Raymo, 2005) . Extracting the global ice volume signal from such records requires knowledge of both changes in temperature and salinity Waelbroeck et al., 2002) and so ESL reconstructions can help to calibrate these data as a proxy for total ice volume. Finally, the rate and magnitude of meltwater influx during the mid-to-late Holocene is a useful baseline for interpreting the rate of 20th century global mean sea level change (Gehrels and Woodworth, 2013) .
There have been a number of previous studies that estimated the rate and magnitude of ESL change. For example, the ICE-5G (Peltier, 2004; Peltier and Fairbanks, 2006; Toscano et al., 2011) and the ICE-6G (Argus et al., 2014 ) models both infer a marked slowdown in the rate of global melting at 8 kyr BP, followed by a rise in ESL between 7 and 4 kyr BP of~4 m in ICE-5G and~2 m in ICE-6G, with no melt subsequent to 4 kyr BP. From the most recent study by Lambeck and colleagues (Lambeck et al., 2014) , a markedly different conclusion was drawn about the temporal pattern of Holocene melting. In this study, a 5 m rise between 7 and 2 kyr BP was inferred, with no melt following 2 kyr BP. This result is compatible with an earlier study by Fleming et al. (1998) , which concluded that ESL rose by 3e5 m between 7 and 2 kyr BP. As it is widely agreed that the main source of meltwater for the ESL rise during the mid-to-late Holocene was the Antarctic Ice Sheet (AIS) , the differences between these two ESL models has implications for the timing and deglaciation history of the AIS.
The aim of this study is to develop a new model of ESL change over the Holocene using far-field sea level data from China and Malay-Thailand. A revised global ice model will be produced, which extends a previously published model that was tuned to fit a suite of far-field sea level data from Last Glacial maximum (LGM) to 10 kyr BP (and so unconstrained over the Holocene) to examine the volume partitioning of global ice loss during Meltwater Pulse 1A (MWP-1A). In the following, we first review the RSL database from China and Malay-Thailand to identify the key trends and patterns across the South East Asia region (Section 2). We then go on to estimate ESL models for each region (China and Malay-Thailand) (Section 3.3) as well as a single model that provides a good fit to the combined data set (Section 3.4).
Relative sea level data
The RSL database used in this study contains 314 sea level index points (SLIPs) and was compiled by Horton et al. (2005) and Zong (2004) . These databases of SLIPs were compiled following the methodology of International Geoscience Programme (IGCP) projects 61, 200, 495 and 588 (e.g., Horton and Shennan, 2009; Preuss, 1979; Shennan, 1982; Shennan et al., 2015 : Switzer et al., 2012 Tooley, 1982; Van de Plassche, 1982; Van de Plassche, 1986; Van De Plassche et al., 2014) . A SLIP is a discrete reconstruction of the unique position of RSL in time and space (Van de Plassche et al., 2014) . Where a suite of SLIPs exists for a locality or region, they describe changes in RSL through time. Horton et al. (2005) and Zong (2004) validated all index points in their databases by insuring that each sea-level indicator had: (1) a location; (2) a calibrated age; (3) an elevation at which the indicator was sampled; and (4) a known relationship between the indicator and a contemporaneous tidal level (termed the indicative meaning; Van de Plassche, 1986; Shennan et al., 2015) . The SLIPs are subdivided into 16 areas for the purpose of producing RSL curves. The locations of all SLIPs and the 16 areas (the red triangle indicates the mean position of all SLIPs in each area) are shown on Fig. 1. Fig. 2 shows the SLIPs at the 9 localities in China and Fig. 3 for the 7 localities in Malay-Thailand.
The study region is located within the Eurasian Plate and is surrounded by active subduction zones. Along the eastern coast of China, the Pacific and Philippine sub-plate subducts below the Eurasian plate. However the coast of China, residing a significant distance (up to 900 km) away from the active plate boundary and with its extensive continental shelf and infrequent seismic activity, is considered to be geological stable (see Zong (2004) and references there in). The Malay-Thailand Peninsula sits within the geologically stable region called Sundaland and is bounded to the south by the active Sunda arc, where the Indo-Australian plate subducts below the Eurasian Plate. Tjia (1996) using a range of shoreline indicators estimated that the Malay-Peninsula was stable over the Holocene, with rates of vertical crustal motion of less than 0.1 mm yr
À1
. Therefore no correction for vertical tectonic motion was applied to the SLIPs. However, there might be some sitespecific localised tectonic influences that were not corrected for in the development of the SLIPs and could be the source of datamodel misfits.
The database consists of a range of sea-level indicators, including oyster reefs, beachrocks and organic silts (from China) and corals and fossilised mangrove swamps (from Malay-Thailand) with the associated errors described in greater detail by Zong (2004) and Horton et al. (2005) . Deltaic areas (i.e Yangtze River Delta (YRD), Han River Delta (HRD) and Chao Phraya delta (CP)) can Fig. 1 . Location map of the data sites. The black circles indicate the location of each SLIP and the red triangles the 16 localities for which RSL curves are generated (see main text for details). The sites are: BB e Bohai Bay, JP e Jingasu Province, YRD e Yangtze River Delta, FP e Fujian Province, HRD e Han River Delta, EG e East Guangdong, PRD e Pearl River Delta, WG e West Guangdong, HP e Hainan Province, CP-Chao Phraya, PA-Paracub, PH-Phuket, ET-East coast Thailand, KG-Keelang, MAL-Strait of Malacca and TI-Tiomin Island. The black contours show the predicted relative sea level at 6 kyr BP using the starting model (see main text for details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) be problematic for sea-level studies due to long term subsidence associated with sediment loading (Ferrier et al., 2015; Ivins et al., 2007; Wolstencroft et al., 2014) and sediment consolidation (Brain, 2015; Horton and Shennan, 2009; Teatini et al., 2011) . The former can produce a RSL fall of several metres over millennial time scales while the latter can result in a larger contribution within shorter timescales. For example, the SLIP's at the Chao Phraya delta (CP) may have been affected by sediment compaction, which would result in the SLIP's plotting at lower elevations than originally deposited. At the site Yangtze River Delta (YRD), the SLIPs were taken from the edge of the delta plain, into the lowlands region, which is considered to be only moderately affected by the subsidence processes mentioned above (Zong, 2004) . This is not the case for the other deltaic localities. To determine if the inclusion of SLIPs from these areas strongly affected the GIA model parameters inferred below, we considered a subset of the China data set that does not include Yangtze River Delta (YRD) or Han River Delta (HRD). This subset also excluded the data from Fujian Province (FP) that is located near a plate margin and thus possibly affected by local tectonic motion. This China dataset includes the sites Bohai Bay (BB), Jingasu Province (JP), East Gaungdong (EG), Hainan Province (HP) and West Guangdong (WG) and will be referred to as the 'China-reduced data set'.
Spatial variability in the observed sea-level change is evident along the coast of China (Fig. 2) . At the northern (Bohai Bay (BB), Jingasu Province (JP), Yangtze River Delta (YRD)) and southern (West Guangdong (WG), Hainan Province (HP)) sites, sea level rises from around À20 m at 9 kyr BP, with a marked slowdown between 7 and 8 kyr BP, as it approaches present day levels. There is little evidence for sea levels above present day values at these sites. For example, Hainan Province (HP) displays sea levels close to 0 m over the last 6.5 kyr BP. In contrast, the central sites (Fujian Province (FP), Han River Delta (HRD), East Gaungdong (EG), Pearl River Delta (PRD)) exhibit a gradual slowdown in the rate of sea-level rise, approaching present day level later, between 5 and 6 kyr BP. A small highstand of 1e1.5 m can be identified at some of these central sites. The possible origin of this spatial variability will be discussed further below.
At most of the Malay-Thailand data sites, there are gaps in the sea-level record between 6 and 3 kyr BP. For example see data at sites Chao Phraya (CP) and East Coast of Thailand (ET) (Fig. 3) . This limits the constraint offered by these data for determining an optimal Holocene melt history. In general, the data indicate a marked slowdown between 7 and 8 kyr BP, with sea level rising steadily to form a highstand of~2e4 m between 6 and 4 kyr BP. This is followed by a steady fall, reaching present day levels bỹ 1 kyr BP. There is some spatial variability in the observed highstand height, with a maximum sea level of~4 m at sites along the western coast within the Strait of Malacca (Keelang (KG), Strait of Malacca (MAL)) and site Chao Phraya (CP), the most northerly site in Thailand. This contrasts with the lower sea level highstand of 1.5 m at the more central sites. This can be explained by the influence of hydro-isostasy across the region, which will be discussed in greater detail below.
Between 5 and 2 kyr BP, the observed data at Tiomin Island (TI) and Phuket (PH) (Fig. 3) imply a very low rate of sea-level change, which is not seen in the other data records or captured by the starting model. We therefore hypothesise that this observed trend is related to either local processes or errors in the interpretation of the sea-level indicators used.
Sea level modelling

Model description
Sea level predictions were generated at each of the 16 sites ( Fig. 4a and b ) using a glacial isostatic adjustment (GIA) model of RSL change. Such a model typically comprises three sub- components: a global model of the Late Pleistocene ice sheet history Peltier, 2004) ; an earth model that reproduces the solid earth deformation due to changes in the surface mass redistribution between the ice sheets and the oceans (Peltier, 1974) ; a model of sea-level change to calculate the redistribution of ocean mass for a specified ice history and earth model (Farrell and Clark, 1976) . Note that the sea-level model adopted here includes perturbations to the rotation vector (Milne and Mitrovica, 1998; Mitrovica et al., 2001 Mitrovica et al., , 2005 as well as time-dependant shoreline migration and an accurate treatment of sea-level change in areas characterised by ablating marine based ice (Kendall et al., 2005; Mitrovica and Milne, 2003) .
Given that the primary aim of this study is to estimate the ESL changes from the field data described in Section 2, it is worth defining some underlying concepts related to ESL. At any given location in the oceans, the change in RSL (DS rsl ðq; j; tÞ) at a given time t with respect to values at present can be written as follows:
DS rsl ðq; j; tÞ ¼ DS esl ðtÞ þ DS I ðq; j; tÞ þ DS T ðq; j; tÞ þ DS o ðq; j; tÞ
where DS esl (t) is the ESL component, DS I ðq; j; tÞ is the total isostatic effect associated with the GIA process and includes the effects of ice (glacio-isostatic) and water (hydro-isostatic) loads and earth rotation. The term DS T ðq; j; tÞ represents the relative sea level contribution from tectonic processes and the term DS o ðq; j; tÞ represents the contributions from 'other' processes such as sediment compaction, sediment loading, and changes in tidal amplitudes through time. The possible contributions from tectonics and 'other' processes are not modelled here but they are considered as possible reasons for poor data-model fits in certain areas. The ESL component is defined as:
where r ice and r w are the densities of ice and water, respectively; _ V ice is the time derivative of global grounded ice volume relative to the present value; A o is the surface area of the ocean. In what follows, our estimates of ESL are determined via Equation (2); however, we note that these estimates include marine-based ice below sea level and so are an overestimate of the true ESL value. This overestimate is Earth model dependent but is around 10 m for the period LGM to present, but less than 0.6 m over the last 7 kyr BP (Fig. 5) . The starting ice model, and hence starting ESL model (referred to as DS sm esl ðtÞ, where the notation sm refers to the starting model), was taken from Bassett et al. (2005 Bassett et al. ( , 2007 (model is shown on Fig. 5 ). This model was tuned to fit a small subset of far-field records spanning (completely or partially) the period LGM to~10 kyr BP and near-field Antarctic RSL records (Bassett et al., 2007) . It is characterised by a relatively rapid rise in the early Holocene up to 6 kyr BP, associated with the final stages of global melting. Major melting ceased at 6 kyr BP in this model, with a small amount melting (0.5 m) between 6 and 5 kyr. In all the revised ESL scenarios discussed in this study, the total global ESL change between LGM and present day was not altered from that defined in the starting ESL model (compare the solid grey and black lines on Fig. 5a ), only the timing and relative contribution of the two main ice sheets (Laurentide Ice Sheet (LIS) and AIS) over the past 10 kyr (Fig. 5 ). This ensures that the high quality model fits to the far-field data between LGM and the late glacial in Bassett et al. (2005) are preserved. In the starting model, the rapid rise in ESL associated with MWP-1A (~14.5 kyr BP) is primarily driven by the melting of the AIS, with the deglaciation of this ice sheet ending at 7 kyr BP. From~13 kyr BP to present, the total ESL is strongly controlled by the ESL rise from the NHIS (compare the solid and dotted grey lines Fig. 5b ), specifically the rapid rise during the early Holocene up to 5 kyr BP is driven by the final retreat of the LIS.
The Earth model is a spherically symmetric, self-gravitating Maxwell body (Peltier, 1974) . The radial elastic and density structure were taken from a seismic model (Dziewonski and Anderson, 1981) . The viscous structure is crudely parameterized into three layers: a high viscosity ( 
Preliminary data-model comparison
Sea-level predictions based on the starting ESL model (solid black line on Fig. 4a and b) display a similar trend across the study region, with a slow steady rise up to a highstand of several metres at 6 kyr BP (which marks the end of main stage of melting within the starting ESL model), followed by a subsequent steady fall towards zero. Two isostatic processes dominate this fall: hydroisostasy (or continental levering) and ocean syphoning (Clark et al., 1978; Mitrovica and Milne, 2002) . Ocean syphoning generates a fall in global mean sea level due to the influence of GIA on the relative motion between the sea surface and sea floor, which increases during deglaciations due, largely, to peripheral bulge subsidence associated with glacial isostasy in mid-to-high latitudes and so-called "continental levering" associated with hydro-isostasy around continental margins (Mitrovica and Milne, 2002) . The latter generates subtle sea level gradients perpendicular to the shoreline (e.g. see RSL contours in Fig. 1 ).
Three consistent data-model misfits are clearly evident: (1) an overprediction in the height of the maximum sea level (or highstand) attained, by up to 7 m across China (for example, at site Yangetese River Delta (YRD) Fig. 4a ) and up to 4 m across MalayThailand (Fig. 4b) ; (2) the timing of the highstand and (3) temporal variation of sea-level from the time of the highstand to present.
The approach to present day sea-level prior to the development of the highstand is captured well by the starting model at the Northern and Southern China sites and at all the Malay-Thailand data sites. For example, at both Strait of Malacca (MAL) and Chao Phraya (CP) (see Fig. 4b ) and Jingasu Province (JP) (see Fig. 4a ), the predictions lie within error limits of the SLIPs pre-dating~7 kyr. The starting model does not, however, capture the timing of the slowdown between 5 and 6 kyr BP evident at the sites in central China.
The height of the predicted highstand is more spatially variable across Malay-Thailand, by up to 4 m, than across China, where it remains between 6 and 7 m at most sites. The SLIPs at the China sites generally rule out sea level across the region reaching values greater than 1.5 m. Due to the noted gaps in the sea level record at many sites across Malay-Thailand, constraints on the timing and maximum height of the sea level high stand are limited.
Previous investigations into the spatial and temporal variability of sea level at far-field sites (Lambeck and Nakada, 1990) have identified that the main processes affecting the variability are hydro-isostatic loading (continental levering), ocean syphoning and/or local tectonism. Examining the spatial pattern of predicted sea level using the starting ESL model along the coastline of China at 6 kyr BP (contoured on Fig. 1) , there is no notable difference between the Northern and Central sites. This implies that the observed spatial variability is not due to GIA but other processes that are active in areas with a large sediment supply such as sediment compaction/loading and growth faulting (e.g. Han River Delta, (HRD)) or tectonic activity in areas proximal to a plate margin (Fujian Province (FP)).
In contrast, across Malay-Thailand, there is significant spatial variability in the pattern of the predicted sea level (see Fig. 1 ) due to GIA processes. For example, hydro-isostasy results in sea level gradients that are generally perpendicular to the coastline (see Fig. 1 ) with an amplified sea-level fall (due to land uplift) further inland. As such, the highest sea levels are found at sites closer to larger landmasses, such as at Keelang (KG) where it reaches~8 m, compared to only~4 m at Phuket (PH). This implies that the spatial variability in the observed highstand is due to GIA driven processes.
It is well established that predicted sea levels at far-field sites are sensitive to both the choice of input ice model (particularly the ESL component) and earth model. Therefore it is important to assess if the described above misfits can be resolved through reasonable adjustments to the viscous structure in the earth model. Predictions were therefore generated using seven earth viscosity models (see Fig. 4a and b) . The minimum and maximum values are: 71, 120 km for lithosphere thickness, 0.05e1 Â 10 21 Pa s for upper mantle viscosity, and 1e50 Â 10 21 Pa s for lower mantle viscosity.
From Fig. 4a and b it is apparent that the majority of the datamodel misfit cannot be resolved with these large changes to the earth model parameters. Adjusting the input earth model parameters primarily alters the amplitude of the predicted highstand, with the shape and timing of the predicted sea level curve remaining relatively unaltered. Over the range of lithosphere thicknesses investigated (71e120 km), there is a difference in the predicted RSL of up to 1 m. Reducing the viscosity of the upper or lower mantle (dotted and dot-dashed lines, respectively, on Fig. 4a and b) reduced the height of the highstand by up to 3 m around Malay-Thailand and 2 m around China, but still did not fully resolve the significant misfit between 7 and 5 kyr BP. The choice of mantle viscosity primarily controls the rate at which the earth will respond to changes in the overlying loading; hence with a weaker mantle viscosity, the response rate is increased and hence the predicted sea level lower. Using a weak lower mantle viscosity (10 21 Pa s) at some sites around Malay-Thailand (Paracub (PA), Keelang (KG) and Tiomin Island (TI)) did remove the misfits, with predictions lying within the error limits of the observed data. However, this relatively weak value for the lower mantle viscosity did not improve the fit at all sites across the region (such as Chao Phraya (CP)) or the China sites. We conclude that varying the viscosity structure alone cannot effectively reduce the primary data-model misfits noted above. Therefore, in the following section, the starting ESL model will be revised as a more effective means to improving the datamodel fits.
Determining first-iteration ESL models from the China and Malay-Thailand data
This section focuses on determining two ESL models which when combined with the reference earth model (a 96 km lithosphere, and upper and lower mantle viscosity values of 5 Â 10 20 Pa s and 1 Â 10 22 Pa s respectively) produce an improved fit to the two regional data sets. The first step, in reference to Equation (1), was to subtract from the predicted sea level DS rsl ðq; j; tÞ (generated using the starting ESL model and the reference earth model) at each SLIP location the model component DS sm esl ðtÞ (the ESL from the starting ESL model) thus producing the quantity DS I ðq; j; tÞ (we are assuming that DS T ðq; j; tÞ and DS o ðq; j; tÞ are negligible).
Second, a large set of~300 ESL scenarios (DS i esl ðtÞ) were then generated and added to DS I ðq; j; tÞ to produce a suite of new predicted RSL, DS rsl ðq; j; tÞ. Thirdly, the c 2 misfit was calculated in order to assess how certain changes to the ESL function affected the data-model fits and identify the optimum ESL model. Finally, the starting ESL model was adjusted to generate this optimum ESL model.
Note that this series of steps (and that also discussed in Section 3.4) does not take into account changes in the ocean-loading signal associated with the difference between the starting model eustatic function DS sm esl ðtÞ and that of each of the revised ESL scenarios DS i esl ðtÞ: This contribution can be significant (>1 m) in cases where the revised ESL scenario is very different from the starting model used in generating DS I ðq; j; tÞ (e.g. compare solid grey and dashed black lines in Fig. 6 ). We do not take this into account when generating this suite of 300 ESL scenarios. However, once a good fitting ESL model is identified for each region, the starting ice model was manually altered (by revising the deglaciation history of the input LIS and AIS) to recreate the optimal ESL functions.
To generate the~300 ESL scenarios, the partitioning of melt in the period 10 kyr to present in the starting ESL model (DS sm esl ðtÞ) was systematically altered to address the key misfits identified between the observed data and the starting ESL model. Four example ESL scenarios referred to in the following text are shown on Fig. 6 . Key aspects investigated were: (1) timing of the melt slowdown in the mid-Holocene, ranging from 6 kyr (melt1, which is similar to the starting model) to 7 kyr (melt2 and melt3a/3b); (2) the duration and variation of melt following this initial slowdown (abrupt in melt1 or gradual in melt2 and melt3); and (3) timing for the end of global melting, 3 kyr BP in melt2; 2 kyr BP in melt1; 1 kyr BP in melt3a/3b. These revisions were implemented by considering different partitions of rate of melt rise between the early, mid and late Holocene (i.e from 10 kyr to present). For example, melt3a and melt3b illustrate two end-member scenarios where the partitioning of melt following the initial slowdown is varied; the greater the amount of melt added to the ocean prior to the slowdown the higher the resultant highstand. Therefore the melt3a scenario, with 8 m of melt after the slowdown at 7 kyr BP will produce a smaller (or no) highstand compared to melt3b.
Analysing the c 2 results for the entire suite of 300 ESL scenarios, two optimum ESL models were chosen which produced a good fit to each data set, and will be referred to as CHINA1 (for the Chinacomplete data set) and MT1 (for Malay-Thailand data set) (Fig. 6) . The LIS and AIS components of the starting ESL model were manually altered to produce the CHINA1 and MT1 models such that the change in ocean-loading signal will be fully accounted for in the revised RSL predictions. Both of these models are characterised by an initial slowdown in the ESL rise at 7 kyr BP, 1 kyr earlier than in the starting model, followed by a gradual reduction in the rate of ESL rise until the end of melting at 1 kyr BP. This chronology of melting is comparable to the 'melt3' models (dashed black and grey lines, Fig. 6 ). However, these two models differ in the amount of melt partitioned before and after the 7 kyr BP slowdown, with an extra 2.4 m of melt prior to 7 kyr BP preferred by the MalayThailand data compared to the China data set (compare MT1 and CHINA1 on Fig. 6 ).
We note that the choice of earth model will influence the specific ESL model, particularly the volume of melt partitioned before and after the initial timing of the melt slowdown. This parameter trade-off is considered in the next section in which we determine optimal ESL histories and earth model parameters for each region independently as well as a final optimal ESL model for the combined data set.
Determining an optimal ESL model
In order to determine an optimal earth and ESL model first for each region and then for the combined data set, we follow a procedure similar to that discussed in Section 3.3. First, a suite of 13 melt models was produced based around the chronology of melting defined by the melt3 model (see Fig. 6 ) which provided the optimum fits for the reference earth model. The amount of melt partitioned before and following the initial slowdown at 7 kyr BP was varied to produce these 13 melt models, a subset of which is shown in Fig. 7 . These models are identified based on their value at the time of initial slowdown (7 kyr BP), which ranges from À4.7 m to À8 m. The CHINA1 and MT1 ice models produced in the previous section were used to generate the DS I ðq; j; tÞ values used in these calculations, with the ice model most closely matching each curve shown in Fig. 6 being used. Second, for each melt model, RSL predictions were generated for 72 earth models: a lithosphere thickness of 96 km with viscosity values for the upper and lower mantle regions sampled from the ranges 0.05e1 Â 10 21 Pa s and 1e50 Â 10 21 Pa s, respectively.
From this procedure, optimum ESL models and earth model parameters were determined for the complete and reduced China and Malay-Thailand data sets by examining the data-model fits (c 2 values) as function of earth model parameters and adopted ESL curves (Fig. 7) . These optimum ESL models will be referred to as CHINA2, CHINA3 for the complete and reduced China data sets, respectively, and MT2 for the Malay-Thailand data. They are shown in Fig. 7 .
There are a number of points to conclude from Fig. 7 , which highlights the different sensitivity of the two datasets to choice of earth model parameters. The China data rule out lower mantle viscosities greater than~5 Â 10 21 Pa s regardless of the ESL model considered (Fig. 8a, d & g ). Despite the differences in the sensitivity to the choice of upper mantle viscosity between the two China datasets, there is evident overlap in the 95% confidence region and thus a range of possible earth model parameters. Therefore, when determining the region specific earth model, parameters were chosen which produced an optimum fit to both datasets, although this may not directly correspond to the minimum c 2 value. These parameters were a lithosphere thickness of 96 km combined with an upper and lower mantle viscosity of 8 Â 10 19 Pa s and 1 Â 10 21 Pa s respectively. We note that, when comparing the 95% confidence limits, it may appear that a better fit is produced with the CHINA2 model for the reduced data set compared to the CHINA3 model, (c.f. Figs. 8b and 7e), the c 2 value using this regionspecific earth model is higher for the CHINA2 model (3.51) compared to the CHINA2 (3.36). The Malay-Thailand data rule out upper mantle viscosities less than 1.5 Â 10 20 Pa s for the CHINA2 and CHINA3 ESL models ( Fig. 7c and f), in which there is relatively little melt prior to 7 kyr BP. However for the MT2 model, with greater melt after 7 kyr BP, the data rule out earth models with both weak upper and lower mantle viscosities (i.e. the optimum parameters for the China data). The optimum earth model parameters chosen for the MT2 model are a lithosphere thickness of 96 km and upper and lower mantle viscosities of 2 Â 10 20 Pa s and 5 Â 10 21 Pa s respectively (Fig. 7i ).
Comparing the ESL histories for these optimum models (Fig. 9 ) it is again apparent that the China data prefer a greater amount of melt following the slowdown than the Malay-Thailand data. This is consistent with the results from Section 3.3. However, it is noted that the new optimum models differ to those inferred earlier based on the reference earth model (i.e. CHINA1 and MT1). Specifically, ESL at 7 kyr BP is À9 m in CHINA1 and À6.6 m in MT1, compared to À7 m in CHINA2 and À5.5 m in MT2. These differences reflect the earth model parameters used and so highlight the trade-off between ice and earth model parameters.
Using the region specific optimum earth and ESL (CHINA2, CHINA3 or MT2) models, a minimum c 2 value was defined for each data set from which a 95% confidence upper limit was estimated (using F-test tables): 6.56 for China-complete, 4.88 for Chinareduced and 25.2 for Malay-Thailand data (see Fig. 8) . These values were then used to identify a range of possible melt models that satisfy the combined data set within the defined confidence limit (see Fig. 10 ). It is evident from Fig. 10 that the upper 95% confidence limit of ESL at 7 kyr BP is constrained by the MalayThailand data and the lower limit by the China data set. The range of possible models (at the specified confidence limit) is indicated by the shaded region on Fig. 10a for the China-complete data set (ESL between À5.7 m and À6.6 m at 7 kyr BP) and the shaded region on Fig. 10b for the China-reduced data set (ESL Fig. 7 . A selection of the 13 melt models adopted to investigate the sensitivity of the data-model misfit to the amount of melt partitioned before and after 7 kyr BP. The amount of melt prior to 7 kyr BP was systematically reduced to alter the resultant eustatic sea level at this time ranging from a minimum of 4.7 m (dotted-dashed) to a maximum of 8 m (dashed). The dotted and solid lines illustrate two intermediate models, with the grey line highlighting the median model. All models are based on the timing of the 'melt3' model ( Fig. 6 ). This model defines the ESL history that is optimised to fit the combined China and Malay-Thailand data sets. The LIS and AIS components within the CHINA1 ice model were revised further to recreate this final model (shown in Figs. 5 and 9 ). (We note that this model has been referred to in previous publications as EUST3 (Milne and Peros, 2013; Woodroffe et al., 2015) . As Fig. 5a illustrates the total LGM e present day ESL contribution and the timing and nature of the pre-10 kyr BP ESL rise from the NHIS and AIS remains unaltered from the starting model. However, in the final model, the timing for the main LIS retreat, and rise in ESL from the NHIS is shifted 1 kyr earlier than in the starting model, to 7 kyr BP (compare the dotted grey and black lines on Fig. 5b) . It is again noted that the total contribution over the last 10 kyr from the NHIS is the same in both models (27.7 m). Most of the change in the post 10 kyr BP ESL rise in the final model was generated by a revision to the AIS, where instead of a sharp rise of 7.5 m between 10 and 7 kyr BP (as in the starting model), there is now a gradual rise in ESL between 10 and 1 kyr BP (compare the dashed black and grey lines on Fig. 5b ). As mentioned earlier, when fully accounting for marine-based ice in the ESL estimate, this will reduce this ESL rise during the last 7 kyr BP by 0.6 m.
In summary the final model is characterised by: (1) an initial slowdown in the rate of ESL rise at 7 kyr BP, associated with the final deglaciation of the Laurentide ice sheet, (2) continued decelerations in the rate of ESL from 5 kyr BP until cessation of melting at 1 kyr BP, (3) a ESL rise of 1.71 m from 5 kyr BP to present associated with the deglaciation of the AIS.
There is a slight increase in the c 2 minimum computed using our final model for the China data set compared to the CHINA2 and Fig. 11c) , there is also little change in the optimum region of earth model parameters between the final model and the MT2 model (Fig. 8i) . The optimum parameters are an upper and lower mantle viscosity of 2 Â 10 20 Pa s and 8 Â 10 21 Pa s respectively. Again, it is not possible to define an earth model that will fit within the 95% confidence region for both data sets. Possible reasons for this difference in earth model parameters will be discussed in the following section. Combining our final optimised ice model with these two regionspecific earth models, RSL predictions were generated at each of the 16 locations indicated in Fig. 1 and compared to the observations from China (Fig. 12) and Malay-Thailand (Fig. 13) . Predictions using the starting model and the optimised region specific ESL models (CHINA2 and MT2) are also shown. The CHINA2 and final model both display a broadly similar trend in predicted RSL with a gradual rise towards present day levels following a slowdown in the rate of rise at 7 kyr and 5 kyr BP. The previously identified key misfits to the data using the starting ice model have been significantly reduced with both models. The final model generates a very minor highstand (less than 0.5 m) at the more northern sites at~5 kyr BP which is within the error uncertainties of the SLIPs. Prior to 5 kyr BP, the final model produces slightly higher sea levels (less than 0.5 m) compared to CHINA2 but there is relatively little difference between the two models from 5 kyr BP onwards. The remaining misfits at the site Han River Delta (HRD) could be due to the impact of localised subsidence, which would result in the data sitting below the predictions.
At Fujian Province (FP) and East Guangdong (EG), localised uplift may account for the SLIPs sitting higher than the predictions using either CHINA2 or the final model between 4 kyr BP and present. In a recent study Pedoja et al. (2008) estimated this uplift rate to be 0.18 mm yr À1 and 0.13 mm yr À1 or a displacement of 0.7 m and 0.52 m, respectively, over the past 4 kyr. At the two southern sites, Hainan Province (HP) and West Guangdong (WG), which are considered to be most stable (Zong, 2004) , the predictions based on the final model capture the general trend of the SLIPs; predicting the~0 m sea level from 6.5 kyr BP at Hainan Province (HP) and the cluster of SLIPs at 7 kyr BP at West Guangdong (WG). (black) and Thailand data (grey). Note that the melt model is defined based on the ESL value (magnitude only) at 7 kyr BP. Results are shown for the China-complete data set (a) and the China-reduced data set (b). The solid horizontal line marks the location of the 95% confidence limit, (6.56 for China-complete (a) and 4.88 for China-reduced (b) (black line) and 25.2 for Malay-Thailand (grey line)) e melt models, which result in values below these limits, are statistically equivalent to 95% confidence. The shaded region indicates the melt models, which satisfy this criterion for both data sets. Note that different earth models were used to generate predictions for each region (China and Malay-Thailand; see text for details).
For Malay-Thailand the final and MT2 models predict similar patterns (Fig. 12) , with a gradual rise towards present day sea level at~7.5 kyr BP, rising to a maximum sea level at~5 kyr BP of between 1.5 and 4 m, followed by a gradual fall towards present. However, the MT2 model predictions are higher at 5 kyr BP, by up to 1 m compared to the final model which is to be expected given that the ESL is~0.85 m higher in MT2 compared to the final model at this time (see Fig. 9 ). Both models show a significantly improved fit when compared to that of the starting ice model.
The most marked improvement is at sites Chao Phraya (CP) and Strait of Malacca (MAL), where the final model captures both the timing of slowdown and the gradual fall towards present from 5 kyr BP onwards. The predicted fall over the last 5 kyr also captures the trend at sites Paracub (PA), Keelang (KG) and Tiomin Island (TI), which supports the need for continued ice melting through the majority of the late Holocene. There are a few SLIPs which are not captured: (1) the previously mentioned uniform trend at Phuket (PH); (2) the cluster of points at sites Strait of Malacca (MAL) and East Coast Thailand (ET) at 5 kyr and 8 kyr, respectively, which display large vertical scatter. Clearly, it is not feasible to create a sealevel prediction, which could capture these trends, and, as such, this misfit is not considered important to the results of this modelling study.
Discussion
The final model is compared to the two most widely cited ESL models (Fig. 9) (1) ICE5G (Peltier, 2004) , and (2) the most recent in a series of models developed by Kurt Lambeck and colleagues (Lambeck et al., 2014) , which will be referred to as LAM in the following discussion.
The Holocene ESL history in the ICE5G model is characterised by a rapid rise to 8 kyr BP, when there is a marked slowdown in the rate of melting. Following a secondary minor slowdown at 7 kyr, there is a continued steady rise until melting ceases at 4 kyr BP. The LAM ESL model is characterised by a steady rise in ESL until a staged slowdown in the rate of melting at 7 kyr BP. From 5 kyr onwards ESL rises at an average rate of 0.56 mm yr À1 until 2 kyr BP, which is similar to the rates and timings of our final model (see Fig. 9 ), where the ESL rises at an average rate of 0.53 mm yr À1 between 5 and 2 kyr BP, and 0.12 mm yr À1 from 2 kyr to 1 kyr BP. These rates are much lower than the estimated mean rate of global mean sea level rise from 1901 to 2010, 1.5e1.9 mm yr À1 (Rhein et al., 2013 ).
Our final model compared to the LAM and ICE5G models display broadly similar trends over the last 10 kyr and constrain the Holocene ESL to within a relatively narrow range. The two most apparent differences between the three models are the timing of the initial slowdown in global melting (7 kyr BP versus 8 kyr BP) and the timing of the cessation of melting (4 versus 2e1 kyr BP).
Taking ICE5G and our final model as two end member scenarios which span the possible range for Holocene ESL, RSL predictions were generated with the ICE5G model using VM2 earth model to explore the impact of the differences in the ESL history on the RSL predictions (Figs. 12 and 13) . We note that the ICE5G model was calibrated using the VM2 earth model, which is a global earth model, rather than region specific as used with the final ESL model.
It is apparent that the earlier timing for the initial slowdown in global melting in ICE5G (8 kyr BP versus 7 kyr BP) produces significant misfit at the data sites with pre-6.5 kyr BP SLIPs. For example, at the northern China sites (Bohai Bay (BB), Jingasu Province (JP) and Yangetese River Delta (YRD)) and Strait of Malacca (MAL) and Chao Phraya (CP) in the Malay-Thailand sites, the ICE5G predictions are several metres above the observed SLIPs. As to be expected, given the stronger mantle viscosity in the VM2 earth model, there is a significant highstand at 8 kyr BP generated across all of the China sites with the ICE5G model which is several metres higher and several kyr's earlier than the observed SLIP's. Therefore, the ICE5G-VM2 model does not capture the observed SLIP trend at the China sites. However, at the Malay-Thailand sites, there is only a minor difference between the RSL predictions of the final model and ICE5G from 4 kyr BP, which is due in part to the similarity in the optimum earth structure and VM2. Therefore, it is not possible within the resolution of the Malay-Thailand data to resolve the difference in the two ESL models over the last 4 kyr BP. Additional datasets from this region that were not included in this study also support a later timing for the slowdown in global melting. Yu et al. (2002) investigated the growth of corals at Leizhou Peninsula, South China Sea (close to the West Guangdong (WG) data locality) and estimated the timing for the slowdown in sealevel rise between 7.2 and 6.7 kyr BP. Radiocarbon dating of plant matter and shells from sites around Hong Kong were combined with additional sedimentological and paleontological evidence to infer that sea level initially reached present day levels between 8 and 6 kyr BP (Yim, 1999) .
It is useful to also compare the timing and chronology of Holocene ESL in the final model to estimates made from other global far-field sites. In a recent study (Woodroffe et al., 2015) where RSL predictions from the final model and ICE5G were compared to sea level data from the Seychelles, it was concluded that the ESL rise over the last 2 kyr was less than 2 m and that the observed RSL signal was more compatible with the results of our final model. Milne and Peros (2013) investigated sea level data from the circumCaribbean and estimate a contribution of 3e4 m between 7 and 3e2 kyr BP. Numerous studies have examined the extensive range of Holocene sea level data from Australia. Some studies concluded that RSL was at least 1.5 m above present between 6.2 and 2.2 kyr BP (Sloss et al., 2007; Woodroffe, 2009) , inferring ice continued to melt into the late Holocene, whereas other studies suggest ESL rise ended closer to 4 kyr BP (Lewis et al., 2013) . This earlier (6e4 kyr BP) end to the rise in ESL is supported by sea level data from Japan (Yokoyama et al., 2012) , South America and the Mediterranean (Mauz et al., 2015) . It is apparent, therefore, that there is no consensus on the timing for the end of global melting, with significant variations depending on the location of the far-field sea level site. This implies there is a need for more high resolution, spatially distributed data sets and GIA models that can accommodate lateral variations in Earth structure.
As the main source for the late Holocene ESL rise in the LAM and our final model is the AIS, the inferred ESL history has implications for the Holocene deglaciation of the AIS. There is near-field evidence to support this continued melting, with a number of recent papers summarising the most up to date onshore and offshore geomorphological evidence Hillenbrand et al., 2014; Larter et al., 2014) . As an in-depth review of the Holocene retreat of West AIS is beyond the scope of the study, the reader is referred to these papers and references therein. A number of recent studies have adopted near-field Antarctic constraints to produce improved ice model reconstructions for this region (Briggs et al., 2014; Golledge et al., 2014; Ivins et al., 2013; Mackintosh et al., 2011; Whitehouse et al., 2012) .
These model reconstructions give ESL values for the mid-to-late Holocene period that ranges from less than a metre to almost 5 m around 7 kyr BP (see Fig. 2 of Ivins et al., 2013 and related discussion). The results found here give an ESL value of 5.8 m since 7 kyr BP, which is reduced to 5.2 m when taking account of marine-based ice that would not contribute to a sea-level rise (Fig. 9b) . This is compatible with models that include a relatively large amount of AIS melt during this period, such as the model of Ivins et al. (2013) .
An interesting result from our modelling analysis is the distinctly different optimum earth viscosity structure identified for each region; specifically a very weak upper mantle, less than 1.5 Â 10 20 Pa s preferred by the China data. We suggest that this very weak upper mantle may be one of the reason for the distinct lack of a Holocene highstand at the China data sites, compared to the other sites across the Indo-Pacific region (Woodroffe and Horton, 2005) . As described above both regions are located close to active subduction zones, which are defined as dynamic plate margins where the relatively cold oceanic lithosphere subducts into the hotter, weaker oceanic mantle. This complex geodynamic process will affect the viscosity of the surrounding mantle. Numerical modelling and empirical flow law experiments both infer that the viscosity of the background mantle around subduction zones is between 10 20 and 10 21 Pa s, with lower viscosities, 10 18 e10 19 Pa s in the mantle wedge, the back-arc region and surrounding the subducted slab (Billen, 2008; Currie and Hyndman, 2006; Hirth and Kohlstedt, 2013) . We suggest, therefore, that the hydro-isostatic deformation affecting the China sites is significantly influenced by these weaker viscosity regions, which produce a faster response rate in the deformation of the solid earth and lowering predicted RSL in the mid-Holocene. This suggestion is supported by GIA modelling of RSL data in south west British Columbia in the vicinity of the Cascadia subduction zone, which concluded that the data required a weak upper mantle, between 3 Â 10 18 and 4 Â 10 19 Pa s (James et al., 2009) . A second GIA modelling study of GPS data across the Southern Patagonian Icefield (Lange et al., 2014 ) also concluded the data required a weak upper mantle, between 1.6 Â 10 18 and 8 Â 10 18 Pa s (depending on the Little Ice age loading history) due to the influence of local mantle upwelling from the eastern edge of the Pacific rim subduction zone. We note that a more recent study (Roy and Peltier, 2015) which compared RSL predictions using ICE-6G_C, combined with VM6 to a new RSL database for sites along the entire west coast of the USA (beyond the region in James et al., 2009 ) captured the regional observed Holocene RSL trend without the need for a low upper mantle viscosity. However, in this study, the predicted RSL fails to capture the observed RSL along the west coast of Vancouver, which it attributes to the tectonic impact of the closely located subduction zone. Despite a similar general tectonic setting, the shallow earth structure below China appears to be more geodynamically complex than that below Malay-Thailand. One of the main methods to investigate the upper mantle structure around China is seismic tomography. Recent tomography studies have imaged the Pacific slab below China, suggesting it flattens or deflects near the mantle transition zone which may generate zones of weaker mantle (Li and van der Hilst, 2010) . More extensive 3D tomography studies have imaged low velocity anomalies (suggestive of high temperatures and therefore low viscosity) close to the China study sites, compared to the high velocity anomalies around Malay-Thailand (Lebedev and Nolet, 2003; Replumaz et al., 2004) . The most pronounced feature supporting a weaker region within the upper mantle is the Hainan Plume, which was imaged below the southern coast and Hainan Island (near to sites Hainan Province (HP) and West Guangdong (WG)), extending to depths of up to 900 km (Huang, 2014; Lei et al., 2009) . Clift et al. (2002) combined seismic data, basin geometry and subsidence modelling to also estimate that a low viscosity layer of between 10 18 and 10 19 Pa s underlies the southern coast of China. In a recent review of the structure and properties of the mantle below China (Zang et al., 2008) , a degree of partial melt was identified at a depth of 410 km with an estimated viscosity of between 1.2 Â 10 18 Pa s and 3.6 Â 10 19 Pa s.
The range of constraints considered above support the low viscosities inferred from the China data and significant lateral structure in the upper mantle, which is not captured by the 1-D earth model adopted here. The influence of lateral earth structure on Holocene RSL has been examined in previous studies (Spada et al., 2006; Wu and van der Wal, 2003) , with the results indicating differences of up to several metres at far-field sites.
Conclusions
Using sea level data from China and Malay-Thailand a new model of late Holocene ESL was developed. This model is characterised by: (1) an initial slowdown in the rate of ESL rise at 7 kyr associated with the final deglaciation of the Laurentide ice sheet, (2) continued deceleration in the rate of ESL rise from 5 kyr BP until cessation of melting at 1 kyr BP (3) a total ESL rise since slowdown at 7 kyr BP of 5.8 m. It is suggested, based on a variety of evidence, that the most likely source for the continuing rise in ESL in the late Holocene is the West Antarctic Ice sheet (WAIS).
Our final model and two previously published ESL models, ICE5G (Peltier, 2004) and LAM (Lambeck et al., 2014 ) display broadly similar trends over the last 10 kyr and constrain the Holocene ESL history to a relatively narrow range. The two most apparent differences between the three models are the timing of the initial slowdown in global melting (~7 kyr BP, LAM and our final model versus 8 kyr BP in ICE5G) and the timing of the cessation of melting (4 in ICE5G versus 2-1 kyr BP in the other models). Our final model is more consistent with the overall characteristics of LAM, where ESL rises steadily at an average rate of 0.56 mm yr À1 compared to 0.53 mm yr À1 between 5 and 2 kyr BP. Comparison of RSL predictions using our optimum region specific earth model and the ICE5G-VM2 model found significant misfits to the pre 6.5 kyr BP SLIPs; confirming that the data set prefer an ESL with a slowdown in melting 7 kyr BP or later. We acknowledge that some of these discrepancies may be attributed to the limitation associated with the application of a 1D Earth model in a region where lateral variations are likely significant. The data-model misfits indicate distinctly different optimum earth viscosity values for the China and Malay-Thailand regions. Both data sets were relatively insensitive to variations in lower mantle viscosity but prefer markedly different upper mantle values. For China the best fit is achieved with a weak upper mantle, less than 1.5 Â 10 20 Pa s, compared to Malay-Thailand data, where a stronger mantle, greater than 2 Â 10 20 Pa s, is preferred. It is thought that this difference is related to distinct lateral variations with the upper mantle structure below China, associated with the nearby active subduction zones and the Hainan Plume.
